SUMMARY
A recommended method has been developed and published by CORESTA, applicable to the quantification of selected volatiles (1,3-butadiene, isoprene, acrylonitrile, benzene, and toluene) in the gas phase of cigarette mainstream smoke. The method involved smoke collection in impinger traps and detection and measurement using gas chromatography/mass spectrometry techniques. This report describes the final collaborative study applying the recommended method. It provides additional notes to inform other laboratories that might wish to adopt it, about some of the main features that need to be well controlled to provide data as robust and consistent as the data presented herein. Data was provided by 15 industry-related and 4 independent laboratories and one governmental laboratory. Overall, 6 linear and 14 rotary smoking machines were used. The joint experiments and collaborative work between the large number of participating laboratories has provided solutions to several methodological problems and reduced the high data variability that had initially been found particularly for 1,3-butadiene and acrylonitrile smoke yields. Even so, the levels of reproducibility among laboratories are much greater than the levels found for 'tar', nicotine and carbon monoxide and given in the equivalent ISO standards. When expressing the reproducibility (R) value as a percentage of the mean yield among-laboratories and across all of the studied products, values ranged from 63-93% for 1,3-butadiene; from 36-62% for isoprene; from 41-110% for acrylonitrile; from 35-70% for benzene, and from 27-116% for toluene. For the higher 'tar' yielding products, the lower levels of variability were in line with those previously evaluated during Task Force work on standard methods for benzo [a] pyrene and tobacco specific nitrosamines. As expected, the lowest 'tar' yielding product gave the most variable data. [ 
INTRODUCTION
A CORESTA study carried out in 2006 (1) described an investigation of some of the main parameters that may cause variability in smoke analyte yields collected from both the particulate and gas phase of mainstream cigarette smoke when machine smoking under ISO conditions (2) . The laboratories had used their own in-house methods to determine yields and the work had been carried out to obtain guidance towards a robust and practicable recommended method. Initial work was followed by exploratory joint experiments on the best and necessary features that need to be incorporated in a recommended method. The Part 1 report (3) on the selected smoke volatiles (1,3-butadiene, benzene, toluene, isoprene, and acrylonitrile) had shown that similar yields were obtained when comparing data from Tedlar bag trapping with those from impinger traps, the latter method being used by the majority of laboratories. Several key parts of the methodology were investigated in detail to evaluate their effects on smoke yields and the learning exercise proved to be a further important directional step towards a recommended method. The work described in this report provides details on a CORESTA collaborative study leading to a recommended method (4) , and based on the Health Canada method (5) for the determination of selected volatiles in the gas phase of cigarette mainstream smoke. The statistical analysis of the yield data from 20 laboratories including repeatability and reproducibility data is also presented. The report describes key components of the recommended method and provides additional notes to inform other laboratories about some of the main features that need to be well controlled to provide data as robust and consistent as the data presented herein.
EXPERIMENTAL

Recommended method
A CORESTA recommended method (CRM 70) (4) was agreed upon by the Special Analytes Task Force based on the learning from the earlier joint experiment (3). After conditioning (6), cigarettes were smoked under standardised conditions (2) . The smoking machine was additionally equipped with impinger traps containing methanol cryogenically cooled to !70 EC into which the gas phase components of cigarette mainstream smoke were trapped and collected, as shown, for example, in Figure 1 . The impinger solutions were spiked with hexa-deuterated benzene standard; an aliquot of the solution was separated on a gas chromatograph and the selected volatiles (1,3-butadiene, benzene, toluene, acrylonitrile, and isoprene) were detected and quantified by mass spectrometry by the single ion monitoring (SIM) technique using the ions specified in CRM 70. It should be noted that the minimal yields of selected volatiles that trap within the particulate phase on the Cambridge filter pad are not included in these measurements. An example chromatogram for the 3R4F Kentucky Reference cigarette is given in Figure 2 . No internal standard is shown in the chromatogram. 
OVERVIEW OF THE PROTOCOL AND SAMPLE DESCRIPTIONS
The main objective of the collaborative study was to run the recommended method for the determination of selected volatiles (1,3-butadiene, benzene, toluene, acrylonitrile, and isoprene) in the gas phase of cigarette mainstream smoke to provide robust repeatability and reproducibility data. The test samples listed in Table 1 were used in the collaborative study. Samples 1-5 were commercially available cigarettes provided by various manufacturers to represent a range of 'tar' yields, blend and cigarette design styles to complement the three reference cigarettes (CM6, 1R5F, and 3R4F).
The laboratories were asked to smoke the five replicates of the eight test samples using a randomized design within eight runs per experiment. In this way, each replicate was part of a separate experiment as shown in the smoking plan given in Table 2 .
RESULTS
Analytical yields of the five selected volatiles were obtained and mean yields are given in Table 3 (calculated after exclusion of outliers as described later). Each laboratory recorded the dates on which the analyses were performed and most laboratories provided information on the limits of detection (LOD) and limits of quantification (LOQ), with the range summarized as maximum and minimum values in Table 4 . There was no requirement that LOQs or LODs were measured in the same way at different laboratories and this is reflected in the wide range given in Table 4 . However, there was no indication that the means of determining LODs / LOQs lead to lower or higher levels of outlier or excluded data. Excellent recovery rates were given by all laboratories for the selected volatiles as shown in Table 5 . 
DATA ANALYSIS
Variability of standard smoke parameters
Total Particulate Matter (TPM) and puff count data were calculated (7) as received from all participating laboratories and are summarised in Table 5 . The low puff count variability indicated good adherence to the ISO conditioning standard (6) by the participating laboratories. The highest variability in TPM yields was associated with the lowest yielding cigarette types, i.e. 1R5F and Sample 4. Table 6 shows the effect on volatile yields of the two different smoking machine types used in the laboratories. Six laboratories used "linear" and 14 used "rotary" smoking machines for smoke collection. No observable effect of smoking machine type was found for any of the studied analytes although this was not statistically tested.
General statistical analysis
Statistical calculations were based on ISO guidelines (8, 9) and applied directly to determine estimates of repeatability (r) and reproducibility (R) after smoking under defined conditions (2), where all of the participating laboratories used the same analytical method (4).
Determination of inter-laboratory repeatability and reproducibility variance
For each of the j test samples (j = 1,…, 8), the general mean was determined according to ISO 5725-2 section 7.4.4 (8) over the p participating laboratories, whose data remained following the removal of outliers. The outlier analysis methods are discussed in the following sections. 
Table 4. Limits of quantification (LOQ) and limits of detection (LOD).
Determination of inter-laboratory repeatability and reproducibility variance
For each of the j test samples (j = 1,…, 8), the general mean was determined according to ISO 5725-2 section 7.4.4 (8) over the p participating laboratories, whose data remained following the removal of outliers. The outlier analysis methods are discussed in the following sections.
General mean = where is the mean for test sample j as reported by laboratory i and n i j is the number of observations. Repeatability variance (s 
Data excluded due to being below the limits of quantification
Some individual data points were reported as non-numeric (i.e. below the LOQ) and had to be removed prior to evaluation of numeric data for outliers. This applied particularly to 1,3-butadiene and acrylonitrile. For 1,3-butadiene, 759 of the possible 800 observations and for acrylonitrile, 768 of the possible 800 observations were above the LOQ. A summary of exclusions is given in Table  7 .
Data excluded within the context of among-laboratory variability (R)
For evaluation of agreement among laboratories, the Grubbs' test was applied as described (8) to detect single or multiple outlying laboratories with respect to the sample mean. If the Grubbs statistic was significant at the 5% level, the sample data from that laboratory was removed. Six out of eight samples had significant Grubbs results (at 1%) for high outliers for acrylonitrile data from laboratory 18. Hence, all eight test samples were excluded from the analysis due to the expectation that there was a problem with the entire acrylonitrile analysis for this laboratory. The Grubbs statistic for a single high outlier was significant for the following analytes, samples and laboratories. The data, as shown in Table 8 , was removed prior to the calculations of the general mean, repeatability and reproducibility variance. 
Data excluded within the context of within-laboratory variability (r)
The approach used was to consider of highest importance the removal of data from those laboratories whose means were not in agreement with other laboratories. The degree of agreement for within-laboratory variance was not evaluated with as much rigour as the among-laboratory variance. In this case, only those laboratories whose variation among five replicates was considered 'abnormally high' in comparison to the other laboratories, that is, with a standard deviation at least two times greater than that reported for any other laboratory, were examined for potential outliers. The determination of the outliers was made based on a comparison with the individual values reported by the other laboratories. In this way some data from laboratory 16 were excluded and are shown in Table 8 . 
Summary of excluded data
A summary of the number of observations made and the number of observations excluded as outliers is given in Table 9 . The results show that a very small percentage of observations were treated as outliers (0.6-5.5%) for each analyte.
After exclusion of outlier data, the mean smoke yields and levels of repeatability and reproducibility of 1,3-butadiene, toluene, benzene acrylonitrile, and isoprene across each of the cigarette types were summarized in Table 3 . The levels of variability found for the 3R4F and 1R5F products were improved when compared to previous studies, where laboratories either used their preferred methodology (1) or similar methods in joint experiment work (3). However, the levels of reproducibility among laboratories are still much worse than the levels found for 'tar', nicotine, and carbon monoxide and given ISO 8243 (10) . When expressing the R value as a percentage of the mean across all of the studied products, values ranged from 63-93% for 1,3-butadiene; from 36-62% for isoprene; from 41-110% for acrylonitrile; from 35-70% for benzene, and from 27-116% for toluene. For the higher 'tar' yielding products the levels of variability were in line with those previously evaluated during work on CRMs for benzo[a]pyrene (11) and tobacco-specific nitrosamines (12) . The lowest 'tar' yielding product (Sample 4) gave the most variable data.
Some recommendations on the methodology
The knowledge gained from the joint experiments and the practical experience shared within the Task Force has led to the following recommendations.
Tubing Figure 1 shows glass tubing as being mainly used to connect the smoking machine to the impingers. However, tubing other than silicone can also be used, such as polyethylene, polypropylene, or polyvinyl chloride (e.g. Tygon). Adsorption of the analytes on to silicon tubing has been found to occur and its use is not recommended. Tubing should be as short as possible between connections to minimise the potential for any adsorption.
Trapping efficiency
It is recommended that the trapping efficiency should be checked when validating this method. A third impinger should be added to check the trapping efficiency and the method followed accordingly. Each impinger should be analysed individually for the volatile compounds of interest. If no compounds are detected in the third impinger then only two impingers are required to trap all the volatiles effectively.
Minimisation of 1,3-butadiene variability
Variability could be reduced by storage in a cooled autosampler, by thorough closure of and minimisation of headspace in the vial. A UV method (5) is recommended to measure 1,3-butadiene yields in stock solution.
Minimisation of acrylonitrile variability
A broad chromatographic peak is often found for this analyte due to combination of its low level and the choice of chromatographic stationary phase. Individual laboratories need to find their optimum conditions during their validation procedures.
Internal standards
Individual laboratories may not choose to use deuterated benzene-d6 as an internal standard (IS) and, for example, may wish to apply deuterated toluene-d5. However, the collaborative study for the CRM used benzene-d6 and the r and R values were based on this IS. Therefore, any laboratory that wishes to modify the calibration will need to carry out proper validation with the different IS.
If there are commercially available calibration solutions then these can be used instead of preparation of fresh IS. Certified standards should be checked to ensure that they are of the correct concentration. All solutions should be checked for stability before use and the effect of local storage conditions. IS concentrations should be used that are within the range of the expected yields of the studied products. The relative levels of reproducibility among laboratories are much higher than the levels found for 'tar', nicotine and carbon monoxide given in ISO 4387 (7) . When expressing the 'R' value as a percentage of the mean across all of the studied products, values ranged from 63-93% for 1,3-butadiene; from 36-62% for isoprene; from 41-110% for acrylonitrile; from 35-70% for benzene, and from 27-116% for toluene. For the higher 'tar' yielding products the levels of variability were in line with those previously evaluated during work on standard methods for benzo[a]pyrene and tobacco-specific nitrosamines. The lowest 'tar' yielding product (Sample 4) gave the most variable data. 
